Abstract. Ion-neutral chemistry in Titan's upper atmosphere (∼ 1000 km altitude) is an unexpectedly prodigious source of hydrocarbon-nitrile compounds. We report observations from the Cassini Ion Neutral Mass Spectrometer (INMS; Waite et al. 2004) and Cassini Plasma Spectrometer (CAPS; Young et al. 2004 ) that allow us to follow the formation of the organic material from the initial ionization and dissociation of nitrogen and methane driven by several free energy sources (extreme ultraviolet radiation and energetic ions and electrons) to the formation of negative ions with masses exceeding 10,000 amu.
Introduction
Titan has been recognized as a source of organic aerosols since the 1970's as a result of ground based observations (Kuiper 1944) , laboratory simulations (Sagan et al. 1992) , and Voyager observations (Conrath 1985) . However, it was not until imaging of Titan's atmosphere at infrared and centimeter wavelengths by Cassini-Huygens that the impact of the methane cycle on Titan became evident (e.g., Lopez et al. 2005 ). Titan's atmosphere consists of 98% molecular nitrogen, 2% methane, and traces of hydrocarbons such as ethane, acetylene, and propane. A surface temperature of 94 K and pressure of 1.5 bars puts methane near its triple point. This leads to a well-developed methane-based hydrological cycle evidenced by numerous river beds and an extensive high-latitude lake system that appears to operate on seasonal or longer time scales. Over periods on the order of tens of millions of years methane is thought to be irreversibly converted to complex hydrocarbon-nitrile compounds with loss of dihydrogen to space and a corresponding creation of organic aerosols in the atmosphere. It is this longer methane conversion cycle that we focus on in this paper.
Earlier atmospheric models (i.e., Wilson & Atreya 2004) suggested that the primary altitude of aromatic hydrocarbon formation (e.g., benzene is one representative of complex hydrocarbon formation) occurs in the well-mixed portion of the atmosphere (pressure ∼ 20 nanobars near 750 km). The proposed process is hydrocarbon radical reactions with a much weaker source due to ion neutral reactions near the ionospheric peak (pressure 0.05 nanobars at 1100 km). Therefore, expectations prior to Cassini were that benzene would be barely measureable at the lowest altitudes observable by Cassini INMS (∼ 950 km). However, instead we observe an unexpected abundance of hydrocarbon and nitrile species throughout the INMS mass range (1-100 Daltons) (see Figure 1a) . Spectrometer of an appreciable concentration of negative ions extending to over 10,000 Daltons (see Figure 1c) ). Figure 2 shows a neutral mass spectrum from the Cassini INMS averaged over 16 Titan encounters from 2004 to 2008. The data are restricted to encounters with appropriate sampling geometry and to spectra that can be appropriately calibrated and deconvolved (Kasprzak et al., in preparation; Magee et al., in preparation) . The rich spectrum shows a progression of hydrocarbon and nitrile species starting from methane and nitrogen and proceeding through toluene. These data were averaged over the altitude range from 1000 to 1100 km, which is below the ionospheric peak. Deconvolved mixing ratio values are shown in Table 1 with error bars that are representative of the atmospheric variance over the 16 flybys. Although the precision of the measurements is high, there is a 20% systematic calibration uncertainty. Furthermore, the C 2 species C 2 H 2 , C 2 H 4 , C 2 H 6 , and the primary nitrile HCN have significant overlap at the mass resolution of INMS and are subject to additional uncertainty.
INMS and CAPS Observations and Analysis
Analysis of the INMS ion mass spectrum ( Figure 1a ) allows identification of a host of protonated hydrocarbon and nitrile species (see Table 2 ) that demonstrate the importance of ion-neutral chemistry in the development of complex organic molecules , Vuitton et al. 2007 ). The dominant ion-neutral reaction is protonation in which a neutral molecule adds a proton, thus producing a positive ion with a mass one amu greater than the parent neutral. The ion-neutral chemistry thus proceeds as in any reducing environment: from ions whose parent neutrals have a lesser proton affinity (PA) to those whose parent neutrals have a greater PA (Fox & Yelle 1997).
The CAPS positive ion spectrum is obtained with a high resolution (1.7%) electrostatic energy analyzer (Young et al. 2004 ). In the cold (150K) environment of Titan's upper atmosphere the 6 km s −1 orbital velocity of the Cassini spacecraft causes the ions to arrive at the sensor in a supersonic beam in which the ion energy spectrum is dominated by the spacecraft ram velocity. This allows us to relate the observed energy/charge peaks in the spectrum to the mass/charge of the observed ion (m ∼ 2E/V 2 spacecraft ) However, the spacecraft potential, which ranges from -0.5 to -2.0 V, introduces an uncertainty that must be measured and taken into account. Failure to incorporate the spacecraft potential introduces uncertainties of 2 ∼ 10 in the ion mass number. This uncertainty is removed by using the INMS mass spectrum in which masses between 1 and 100 Daltons (Da) have been determined independently. The CAPS positive ion spectrum can then be fit using the spacecraft potential and the ion temperatures as free parameters. One such fit is shown in Figure 3 where the INMS fit is shown in blue and the CAPS positive ion data in black. A more complete description of the analysis techniques can be found in (Crary et al., in preparation) . Ion spectra measured with CAPS below 1100 km in Titan's ionosphere extend well above 100 Daltons. The spectra can be modeled with an extension of the INMS technique to determine the observed masses (see Figure 3 -the red line fit to the data in black above 100 Daltons). Analysis of several such spectra has been used to identify a series of consistent mass peaks that can be used to identify complex ions which may be present at high mass numbers (see Table 3 ). The observed complex positive ions are apparently dominated by polyaromatics, heterogeneous aromatics, and nitrilesubstituted aromatics throughout the mass range from 100 to 200 Daltons. Candidate heavier aromatics are listed in Table 3 . Note that at altitudes around and below 1050 km the heavy positive ions begin to dominate the ion mass spectrum (see Figure 3) . The CAPS negative ion spectrum (see Figure 1c) was obtained with the CAPS electron spectrometer with an energy resolution of 16.7% in an analogous manner to the CAPS positive ion spectrum ). The lack of distinctive peaks at higher energies is a result of the complexity of the spectrum and the lower energy resolution of the electron spectrometer relative to the positive ion analyzer. Candidate negative ion species identified with the various spectral peaks are shown in Table 4 . The existence and survival of the negative ions in the solar illuminated ionosphere of Titan appears to be caused by the large electron affinities of nitrile substituted polyaromatics. Nitrile end members may also be responsible for polymeric cross links that aid in the formation of the complex negative ion macromolecules. These in turn may have masses up to 50,000 amu due to their suspected multiple charges picked up in Titan's ionospheric environment. Depending on their density, these massive particles may reach a few nanometers in diameter; the size of small aerosols . The integrated density of these negative ions is >200 cm −3 or roughly 20% of the free electron density at these altitudes. This surprising observation suggests that reaction of the abundant heavy positive ions with the large negative ions may be an appreciable source of organic macromolecule growth, given the anticipated rapid infrared radiative stabilization of the macromolecule complex formed (due to the large number of vibrational modes of freedom available).
Conclusion
We conclude that Titan's upper atmosphere (> 950 km altitude) is the source of a large population of organic molecules and aerosols of greatly varying complexity. We propose that this material starts very simply with dissociation and ionization of molecular nitrogen and methane by solar extreme ultraviolet photons and energetic ions and electrons from Saturn's magnetosphere. Macromolecules then grow to masses exceeding 10,000 Da. via ion-neutral chemistry. We propose that these macromoleules (∼ few nanometers diameter) serve as condensation nuclei for more abundant, less complex, but supersaturated counterparts (e.g., hydrogen cyanide, diacetylene, benzene, etc.) as they precipitate through the stratosphere. The decrease in mixing ratios of the same species of nitriles and hydrocarbons in the stratosphere observed by the Cassini Composite Infrared Spectrometer (Vinatier et al. 2007) suggests that this upper atmospheric source may be the primary origin for the abundant atmospheric aerosols in Titan's atmosphere (Tomasko et al 2007 , Liang et al. 2007 .
The ultimate fate of aerosols is precipitation onto the surface where they appear to form extensive dunes (Lorenz et al. 2008) and perhaps other surface features made of organic material. The process of aerosol formation thus results in the irreversible conversion of methane into higher order organics on the time scale of a few million years according to the carbon isotopic evidence observed by Cassini INMS (Waite et al., in preparation) . The H 2 formed in this process is lost to space (Cui et al., in preparation) .
